Correspondence: Barry I. Freedman, bfreedma@wakehealth.edu. Apolipoprotein L1 gene (APOL1) nephropathy variants in African American deceased kidney donors were associated with shorter renal allograft survival in a prior single-center report. APOL1 G1 and G2 variants were genotyped in newly accrued DNA samples from African American deceased donors of kidneys recovered and/or transplanted in Alabama and North Carolina. APOL1 genotypes and allograft outcomes in subsequent transplants from 55 U.S. centers were linked, adjusting for age, sex and race/ethnicity of recipients, HLA match, cold ischemia time, panel reactive antibody levels, and donor type. For 221 transplantations from kidneys recovered in Alabama, there was a statistical trend toward shorter allograft survival in recipients of two-APOL1-nephropathy-variant kidneys (hazard ratio [HR] 2.71; p=0.06). For all 675 kidneys transplanted from donors at both centers, APOL1 genotype (HR 2.26; p=0.001) and African American recipient race/ethnicity (HR 1.60; p=0.03) were associated with allograft failure. Kidneys from African American deceased donors with two APOL1 nephropathy variants reproducibly associate with higher risk for allograft failure after transplantation. These findings warrant consideration of rapidly genotyping deceased African American kidney donors for APOL1 risk variants at organ recovery and incorporation of results into allocation and informed-consent processes.
Introduction
The number of individuals wait-listed for kidney transplantation has increased steadily over the past decade without proportionate expansion of the donor pool.(1) As a result, attempts to utilize available donor organs more efficiently and increase allograft-survival years based upon aligning projected allograft survival with recipient life expectancy are being implemented. The impact of donor characteristics on outcomes is now estimated using the kidney donor profile index (KDPI) that incorporates ten factors known to affect the risk of allograft failure. Allocation of deceased donor kidneys based on KDPI is slated for implementation in late 2014. (2) Although African ancestry is a variable in calculating KDPI, donor genetic information is not.(3) Beyond matching for major histocompatibility antigens, employing precision medicine to improve outcomes after solid-organ transplantation has not yet impacted clinical practice. (4) The G1 and G2 coding variants in the powerful apolipoprotein L1 (APOL1) nephropathy susceptibility gene strongly associate with HIV-associated nephropathy, idiopathic focal segmental glomerulosclerosis, focal global glomerulosclerosis with interstitial fibrosis and vascular changes (hypertension-attributed nephropathy), sickle cell nephropathy, and lupus nephritis-associated end-stage kidney disease (ESKD), exhibiting among the highest odds ratios (ORs) in common disease. (5) (6) (7) (8) (9) (10) (11) (12) The G1 and G2 risk variants have been preferentially selected in sub-Saharan Africa, likely due to protection they provide from human African trypanosomiasis and are virtually absent in individuals lacking recent African ancestry. The variation in this single gene accounts for most of the higher risk for non-diabetic nephropathy in African Americans relative to European Americans. (13) (14) (15) A report from the Wake Forest School of Medicine (WFSM) demonstrated that the same APOL1 genetic variants were significantly associated with shorter allograft survival after deceased-donor kidney transplantation (DDKT). (16) This single-center analysis included 136 kidney transplants from 106 unique African American deceased organ donors. Outcomes were based on chart review from kidneys transplanted at WFSM. Kidneys recovered from deceased donors of recent African ancestry with two APOL1-nephropathy variants failed significantly more rapidly after transplant than did those from donors with fewer than two variants. In a multivariate analysis, the effect of APOL1 was stronger than that of Human Leukocyte Antigen (HLA) match, cold ischemia time (CIT), and other conventional predictors of outcome in DDKT.
Recipients of kidneys from African American deceased donors are known to experience poorer outcomes. (17) (18) (19) (20) Variation in APOL1 may explain a portion of the higher rate of failure in allografts from deceased African American donors, relative to those from European American donors. (16) Conversely, outcomes of kidney transplants do not appear to be adversely impacted by the presence of two APOL1-nephropathy variants in recipients. (21) The initial report on donor APOL1 genotypes and outcomes after DDKT was limited by its single-center design. Before considering whether APOL1 genotyping should be performed broadly in deceased kidney donors with recent African ancestry, it remains critical to validate results in larger numbers of kidneys transplanted at additional centers.
Methods

Samples and Outcomes
Aliquots of stored DNA from deceased African American kidney donors at WFSM and University of Alabama at Birmingham School of Medicine (UAB) were sent to the Center for Human Genomics and Personalized Medicine Research Laboratory at WFSM for APOL1 G1 and G2 risk-variant genotyping. The UAB Institutional Review Board (IRB) allowed participation because materials came from deceased individuals identified solely by United Network of Organ Sharing (UNOS) identification (ID) numbers. The WFSM site received IRB approval for genotyping of donor DNA samples and linkage of outcomes for kidney recipients based on UNOS ID numbers in the Scientific Registry of Transplant Recipients (SRTR). (22) This study used data from the SRTR. The SRTR data system includes data on all donor, wait-listed candidates, and transplant recipients in the US, submitted by the members of the Organ Procurement and Transplantation Network (OPTN). The Health Resources and Services Administration (HRSA), U.S. Department of Health and Human Services provides oversight to the activities of the OPTN and SRTR contractors.
Analyses were performed for the 221 kidney transplantations with organs recovered by the Alabama Organ Center, 548 kidney transplantations (221 from the Alabama and 327 from the North Carolina centers) not included in the original Wake Forest report (16) , updated results in 127 kidney transplantations from the original Wake Forest report with 3 additional years of follow-up, and in the full sample of 675 kidney transplantations from deceased African American donors (including 127 transplantations updated from the original North Carolina report and the new 548 transplantations). Outcomes were determined using SRTR data in DDKTs that were performed at 55 transplant centers.
Genotyping
Two single nucleotide polymorphisms (SNPs) in the APOL1 G1 nephropathy risk allele (rs73885319; rs60910145) and an insertion/deletion for the G2 risk allele (rs71785313) were genotyped using a custom assay designed at WFSM on the Sequenom platform (San Diego, California).(10) G1 and G2 genotype calls were visually inspected for quality control. Genotyping of three blind duplicates resulted in a concordance rate of 100% and the genotyping efficiency for the three SNPs was >99% in both cohorts. As analyses assessed the clinical impact of APOL1 G1 and G2, and African ancestry outside of APOL1 did not significantly impact DDKT outcomes in our initial report, ancestry informative markers were not genotyped. This approach was intentional because the clinical application of APOL1 genotyping in DDKT requires rapid turnaround and ease of interpretation.
Statistical Analysis
The distribution of demographic variables for recipients and African American deceased kidney donors based on donor APOL1-risk genotype group was contrasted using Wilcoxon two-sample tests for continuous variables and chi-square tests for binary variables. The outcome of interest was time to allograft failure, determined by the interval between the date of transplantation and the date of graft loss (return to dialysis, allograft nephrectomy or repeat transplantation). The date of final observation was censored in the event of death with a functioning graft or at the most recent follow-up (before November 30 th , 2013) in those with a functioning graft. Cox proportional hazard models were then fitted. (23) (24) (25) The sandwich estimator was used to obtain a robust estimation of covariance matrix associated with the parameter estimates to account for the correlation between allograft failure rate and time to failure of kidneys donated by a single individual to two recipients. Lin and Wei reported that this sandwich estimator was consistent and robust to several misspecifications of the Cox model. (26) This coding was later revised such that death with a functioning allograft was treated as a competing risk to allograft loss. In this case, the date of final observation was censored only for individuals who were still alive with a functioning graft at the most recent follow-up (before November 30, 2013). We applied Fine and Gray's model to test for association between APOL1 and each outcome, either allograft failure or death with function. (27) This model was fitted using the R package crrSC, which uses weighted estimating equations to account for the correlation between kidneys donated by a single individual to 2 recipients.(28) Missing genotype and phenotype data were excluded from the analyses. The variables considered in this analysis have very low counts of missing data (<5%), which limit the appeal for the data imputation techniques, as they are not likely to vastly improve our results. Table 1 lists demographic characteristics of the recipients and the African American deceased organ donors based on the number of APOL1 risk variants. Both kidneys from 102 donors in Alabama and 205 donors in North Carolina were engrafted separately; one kidney was engrafted from 17 Alabama and 44 North Carolina donors (368 unique organ donors). Of the 675 transplantations, 535 were first kidney transplantations and 68 were retransplantations. For these transplantations, donor and recipient age and sex, CIT, peak PRA level, degree of HLA mismatch, and terminal donor serum creatinine concentration were strikingly similar at both centers. For Alabama-recovered kidneys, 125 were transplanted between 2006 and 2010, and 96 after 2010. Of the North Carolina-recovered or transplanted  kidneys, 8 were transplanted before 2001, 86 between 2001 and 2005, 272 between 2006 and 2010, and 88 after 2010. Fifty-two percent (N=236) of the 454 transplantations of kidneys from the North Carolina center were performed at WFSM; 82% (N=182) of the 221 transplantations resulting from kidneys recovered in Alabama were performed at UAB. Immunosuppression varied from patient to patient and center to center, but generally included antibody induction with calcineurin inhibitor and anti-proliferative agent, with or without corticosteroids. The median (first quartile, third quartile) follow-up duration after engraftment was 36.0 months (12.1, 60.0 months) for the 576 kidneys from donors with less than two APOL1-risk variants and 24.0 months (12.1, 60.1 months) for the 99 kidneys from donors with two APOL1-risk variants.
Results
Association analyses between allograft failure after DDKT and APOL1 genotypes (recessive model) are presented in analyzed Alabama-recovered and North Carolina-recovered and/or -transplanted kidneys revealed that kidneys from deceased donors with two APOL1-nephropathy alleles failed more rapidly than did those from donors with fewer than two APOL1 nephropathy alleles (HR 2.27; p=0.02). An updated multivariate analysis for the 127 transplants from our prior report with three additional years of follow-up also demonstrated more rapid allograft failure in kidneys from African American donors with two APOL1-nephropathy alleles (HR 2.33; p=0.03). The multivariate analysis including all 675 Alabama-recovered and North Carolina-recovered and/or -transplanted kidneys from African American deceased donors revealed that those from donors with two APOL1-nephropathy alleles failed more rapidly than those from donors with fewer than two nephropathy alleles (HR 2.26; p=0.001). With further adjustment for recipient time on dialysis (dialysis vintage), recipient diabetes mellitus (yes/no), and recipient body mass index (BMI) in the full sample of 675 renal transplantations, APOL1 genotype recessive model (HR 1.99, p=0.02), maximum PRA (HR 1.01, p=0.02, SCD (HR 0.48, p=0.02), and Alabama Transplant Center (HR 0.40, p=0.002) were significantly associated with time to kidney allograft failure. A gender-stratified analysis for the full sample of 675 kidneys revealed significant effects of recipient gender on allograft survival (p=0.0004), potential mechanisms remain unknown.
Results of the competing risk model for the association between time to allograft failure and death with a functioning allograft revealed that only APOL1 genotype (recessive model), African American recipient and transplant center significantly impacted allograft failure (Table 3 ). In contrast, recipient age at transplant was nominally associated with time to death post-transplant, whereas APOL1 genotype was not. Transplant center (North Carolina or Alabama) was also adjusted for to account for possible differences. In this analysis, donor APOL1 genotype and recipient race/ethnicity independently impacted allograft failure. Figure 1 shows the Kaplan-Meier allograft-survival curves for kidneys from African American donors with two or less than two APOL1-nephropathy alleles in the full sample. The number of allograft losses and deaths with a functioning allograft (censored outcomes) are shown. The survival curves separated early after transplantation. Despite early allograft failures from kidney donors with two APOL1 risk variants, many such transplants functioned for extended durations. One-, five-, and ten-year allograft survival for the 99 APOL1 two-risk-variant kidneys in this study were 89.3%, 73.0%, and 54.5%, respectively. The percentage of allograft failures within 15 days were also similar in those transplantations from African American donors with zero APOL1 risk variants (4.5%, N=286), one risk variant (7.2%, N=290) or two risk variants (9.1%, N=99; p=0.20); this finding suggests that technical failures were unlikely to have impacted results. The same pattern was observed with the number of allograft failures within six months post transplantation; failures were observed in 15.0%, 11.7%, and 15.2%, respectively, of individuals carrying zero, one, or two copies of APOL1 risk variants (p=0.45).
In multivariate analyses in all 675 renal transplantations, APOL1 genotype (recessive model) was not significantly associated with acute rejection (p=0.26), delayed graft function assessed as recipient first week dialysis (p=0.65), or most recent [log] serum creatinine concentration (p=0.42).
Discussion
African American donor ancestry is known to be a risk factor for poorer outcomes following DDKT. (1;17-20) In this report, the outcomes of 221 kidney transplants recovered from deceased African American donors in Alabama strongly supports the observation that recipients of kidneys from individuals with two APOL1-nephropathy variants (G1G1; G1G2; G2G2) have earlier allograft failure. (16) This result, coupled with outcomes of an additional 454 kidney transplantations from organs recovered and/or engrafted at WFSM in North Carolina, reveals that the presence of two APOL1-nephropathy variants in deceased African American donors independently predicts shorter renal allograft survival. The majority of allograft losses occurred early, many within two years after transplantation. Although this could suggest technical failure, we believe this is unlikely based on nonsignificant differences in allograft survival at 15 days and 6 months post-transplant. Most of the APOL1 two-risk-variant kidneys that failed shortly after transplantation in our initial report displayed renal histologic lesions compatible with APOL1-associated nephropathy (donor-acquired nephron scarring with arteriosclerosis, FSGS, and FSGS-collapsing variant); however, the present SRTR-based report lacks phenotypic information. (16) A multivariable analysis in the full sample demonstrated that the magnitude of the HR for allograft failure was 2.26 for APOL1-two-risk-variant kidneys and 1.60 for African American recipient ancestry. Sensitization based on PRA level, recipient age, recipient sex, CIT, standard-criteria (vs. expanded-criteria) donor, and degree of HLA match did not significantly impact allograft survival in these analyses. However, it is also important to emphasize that most transplanted kidneys with two APOL1-risk variants did not fail early after engraftment; 54.5% functioned beyond ten years. As in native-kidney disease, APOL1 risk variants may contribute to nephropathy susceptibility in persons with two risk variants 
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Author Manuscript who encounter second hits or modulating factors.(29-31) Two-risk-variant transplant (and native) kidneys may not universally suffer progressive kidney disease in the absence of modulating factors. Studies to identify these factors remain critical to determine the mechanisms behind premature loss that may occur in recipients of two-risk-variant kidneys.
It is uncertain whether there is a role for screening APOL1-nephropathy variants in African Americans who are potential live kidney donors.(32;33) The present analyses did not address this issue. While two APOL1-nephropathy variants in deceased donors increased the risk for early allograft failure, this genotype in recipients does not associate with transplant outcomes.(21) Among live kidney donors, African Americans more often develop ESKD compared with non-African Americans. (34) (35) (36) However, the risk is fairly low and rates of kidney failure post-donation appear to parallel those in healthy populations of European and African ancestry, respectively.(37) Until there are data on the role of APOL1 variants in live-donor transplantations, we continue to rely on the clinical evaluation. We remain cautious in the setting of child-to-parent donation, where the ultimate renal phenotype may not yet have had a chance to manifest in young potential donors. (38) In African Americans, allografts from deceased donors fail more rapidly than those from living-related donors.(1) Factors other than APOL1 genotype, including prolonged CIT, greater potential for delayed allograft function, less HLA matching, and need for more potent and potentially toxic immunosuppression may contribute to the poorer survival.
It may be possible to improve organ allocation in kidney transplantation based on the genotypes of two SNPs and an insertion/deletion in the APOL1 gene; evaluation of genomewide African ancestry using ancestry-informative markers may not be required. No differences in global ancestry proportion between African American APOL1 two-risk variant carriers and non-two-risk variant carriers were observed in the initial report from North Carolina (African ancestry proportions were 0.77 ± 0.1 in two risk variant carriers vs. 0.72 ± 0.2 in 0/1 risk variant carriers [p-value=0.56]).(16) Therefore, confounding due to admixture was not likely to have affected our results. In addition, ancestry-informative markers would be impractical to employ in clinical settings. While kidneys from African American donors with two APOL1-risk variants are statistically more likely to fail after transplantation, zero/one-APOL1-risk-variant allografts appear to survive approximately as well as kidneys recovered from European American donors.(1) It is possible that incorporating the impact of APOL1, rather than population ancestry or racial phenotypes, may more appropriately inform clinicians and potential candidates regarding outcome risk associated with accepting kidneys from individual donors. Herein, we observed consistent effects of deceased donor APOL1 risk variants on allograft survival, which in all 675 kidney transplantations from African American deceased kidney donors, as well as in subsets of 221 Alabama transplantations, the original 127 North Carolina transplantations with extended follow-up, and all 548 newly analyzed kidney transplantations, were associated with shorter allograft survival.
Any change in organ allocation must be balanced against the realization that there remains a critical shortage of kidneys for transplantation, particularly in the underserved African American population.(39) African American transplant recipients are more likely to receive kidneys from African American deceased donors, as a consequence of the racial distribution of HLA-DR alleles that contribute to allocation scores, and blood types.(39;40) Thus, transplantation of allografts with two APOL1-risk variants could exacerbate the existing racial disparities in kidney transplantation. Further, rates of discard of recovered kidneys are on the rise and identification of adverse characteristics may increase the rate. (41) In contrast, identification of organs at risk for early failure should result in more appropriate organ allocation, narrowing currently observed racial disparity in allograft outcomes. (19) We anticipate that improved stratification of organs would increase confidence in the clinical assessment of organ quality, and improve the utilization of all organs, with and without APOL1-risk variants.
At present, most clinical laboratories associated with U.S. kidney transplant programs are not equipped to perform APOL1 genotyping. However, polymerase chain reaction methodology is increasingly used for testing donor risk factors, such as nucleic acid testing to screen for infection with human immunodeficiency and hepatitis B and C viruses. Future technological advances will likely permit local genotyping within intervals that allow timely testing of deceased kidney donors.
This report has limitations. Transplant outcomes were captured using the SRTR, whereas the earlier report employed chart review.(16) Large databases are not universally accurate; however, SRTR captures allograft loss because it is linked to the United States Renal Data System, includes initiation of renal replacement therapy (even when not provided by transplant centers), dates of re-transplantation, and date of death. (22) Recipient BMI and time on dialysis were missing in the SRTR for 8% and 9.9% of transplantations, respectively. Additional confounding variables include use of different immunosuppressive regimens at transplant centers, changing patterns of center-specific immunosuppression over time, and lack of causes of allograft failure (or access to renal biopsy diagnoses) due to insufficient data in the SRTR. Adjustments for recipient type of immunosuppressant were not performed due to concerns over missing data in SRTR. Hence, these variables have the potential to have confounded the current results.
In conclusion, kidneys from deceased African American donors possessing two APOL1nephropathy variants are at increased risk for failure after transplantation. These results suggest that deceased kidney donor APOL1 genotypes could be more informative than considering African American donor ethnicity, the variable included in the KDPI.(2;42) It will be important to test this hypothesis. In an era of profound limitations in kidney availability, proper implementation of these findings (and others likely to emerge in the future) poses challenges. With nucleic acid testing for viral infection now the norm in organ recovery, adding genotyping for APOL1 in donors of self-reported African American ancestry may become feasible. The results could then be incorporated into decisions regarding organ allocation and the informed consent process. This approach may be particularly relevant for African Americans, who are more likely to receive a kidney from a donor of African American ancestry. The powerful APOL1 gene provides an example whereby precision medicine has the potential to improve organ allocation in kidney transplantation. Renal allograft survival according to APOL1 genotype. Kaplan-Meier renal allograft survival curves for recipients of deceased donor kidneys with (red line) and without (blue line) two APOL1-risk alleles (p=0.001). 
